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ABSTRACT

BLOMQVIST, C. GUNNAR. Cardiovascular adaptation to
weightlessness. Med. Sci. Sports Exerc., Vol. 15, No. 5, pp. 428-
431, 1983. Exposure to actual and simulated O g causes a sig-
nificant central or cephalad shift of intravascular and interstitial
fluid that triggers a complex set of cardiovascular and systemic
adaptations. These adaptations are, in turn, directly responsible
for the cardiovascular dysfunction that is apparent after return
to normal gravity. However, critical information on several im-
portant adaptive mechanisms is incomplete or lacking.

An attempt will be made to resolve these problems during a
future dedicated Life Sciences Space Shuttle flight. A series of
cardiovascular experiments will utilize direct measurements of
central venous pressures, cross-sectional echocardiography. and
noninvasive measurements of systemic and peripheral blood flow
at rest and during stress. Autonomic control mechanisms will be
studied in detail.

WEIGHTLESSNESS, BODY FLUID DISTRIBUTION, CARDIAC
FUNCTION, CARDIOVASCULAR CONTROL MECHANISMS

CURRENT CONCEPTS

The effects of gravity must be taken into account when-
ever a hemodynamic assessment is made. All intravascular
pressures have a gravity-dependent hydrostatic compo-
nent. The interaction between the gravitational field, the
position of the body, and the functional characteristics of
the blood vessels determines the distribution of intravas-
cular volume. In turn, this distribution determines cardiac
pump function. Observations made during and after space
flight have demonstrated that exposure to 0 g causes a
significant central or cephalad shift of intravascular and
interstitial fluid. Cardiovascular adaptation to weightless-
ness is manifest postflight as actual and functional hy-
povolemia with orthostatic intolerance and decreased ex-
ercise capacity in the upright position (5). The central
fluid shift and post-intervention hypovolemia are the sa-
lient common features of actual weightlessness and the
principal simulation techniques at normal gravity, ie.,
horizontal bed rest, head-down tilt, and upright water
immersion (3).
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These concepts are relatively noncontroversial, but there
are several important cardiovascular areas in which crit-
ical information is incomplete or lacking. A major con-
troversy concerns the ability of the cardiovascular system
to deal with the relative fluid overload associated with the
central fluid shift. It has been suggested (4) that the altered
hydrostatic conditions and the fluid shift trigger a com-
plex, but rapid and effective, set of cardiovascular and
systemic adaptations. Cardiovascular function is essen-
tially normal at zero gravity, but the successful adaptation
is directly responsible for the cardiovascular dysfunction
that is apparent after return to normal gravity.

According to an alternative view, the normal regulatory
mechanisms are unable to deal with the fluid shift. Car-
diac filling pressures remain elevated for the duration of
the space flight and there is a sustained hyperkinetic cir-
culatory state. This condition has the potential of pro-
ducing myocardial dysfunction.

Resolution of this controversy is a prerequisite for de-
sign of appropriate countermeasures against postflight car-
diovascular dysfunction. There is also a need to know
more about the effect of weightlessness on control mech-
anisms. A discussion of current concepts may serve as an
introduction to a review of methodological approaches to
be used during future space-flight experiments.

Hyperkinetic state. The hypothesis that weightlessness
induces a sustained elevation of filling pressures and car-
diac output is based on inflight clinical observations doc-
umenting distended neck veins and a puffy facies, often
combined with subjective sensations of fullness of the head.
This condition persisted over periods of up to 84 d during
the Skylab flights (24). Further support has been derived
from simulation studies based on water immersion in the
upright position. Immersion causes an increase in central
venous pressure of 10-15 mmHg and a large increase in
cardiac dimensions and stroke volume. There is little or
no change in heart rate. Cardiac output remains signifi-
cantly elevated with no tendency to decrease even after
several hours (1,2,9). On the other hand, head-down tilt
at —5° produces only a transient (maximum of +2.5 cm
H,O, return to base line within 90 min) increase in central
venous pressure, stroke volume, and left ventricular end-
diastolic diameter without any change in cardiac output
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(4,18). It is possible that a sustained hyperkinetic state is
a unique product of the hydrostatic conditions associated
with immersion, and that clinical observations during flight
reflect a systemic equilibration of venous pressure and
regional differences with respect to tissue filtration char-
acteristics and compliance (15) in the absence of any sig-
nificant and persistent elevations of ventricular filling
pressures.

Myocardial dysfunction. A sustained increase in ven-
tricular volume and filling pressures, i.e., a volume ov-
erload, may cause myocardial damage and dysfunction
as in mitral or aortic regurgitation. There is little direct
evidence for a significant intrinsic myocardial dysfunction
during or after space flight. The Skylab astronauts main-
tained or even improved their exercise capacity in space
(14,17). Echocardiographic studies after the Skylab flights
(13) and during simulation studies (4,18) have demon-
strated a decrease in left ventricular dimensions without
any effects on contractile state. However, Russian inves-
tigators (20) have described ultrastructural myocardial ab-
normalities affecting the mitochondria and sarcoplasmic
reticulum as well as capillaries and venules in rats exposed
to 0 g for 20 d. Furthermore, Yegerov (26) reported an
increased left atrial (but decreased left ventricular) di-
ameter in the Salyut-6 cosmonauts after return to normal
gravity. The increase in left atrial size is compatible with
a prolonged period of left ventricular overload at 0 g.

Cardiovascular control mechanisms. There is strong,
if mainly indirect, evidence that adaptation to weight-
lessness and other hypogravic conditions alter cardiovas-
cular control mechanisms. The blood volume loss after
space flight, prolonged bed rest, immersion, and head-
down tilt is generally modest, 250-500 ml. The degree of
cardiovascular dysfunction is disproportionately severe.
Volume-for-volume fluid replacement fails to correct
completely the orthostatic intolerance (4,5).

The mechanisms responsible for orthostatic intolerance
may include changes in venous compliance and in neu-
rogenic or hormonal control mechanisms. The evidence
for venous compliance changes is equivocal. The degree
of pooling during lower-body negative pressure (LBNP)
and occlusion plethysmography was increased during the
Skylab flights, but was normal immediately after return
to normal gravity (24). Simulation studies have demon-
strated transient early increases, but normal compliance
post-intervention (4,9).

Data on autonomic function after prolonged bed rest
and space flights are inconclusive. The post-adaptive heart
rate response to orthostatic stress is increased. This may
be viewed as an appropriate compensation for a decrease
in stroke volume. The normal vasoconstrictor responses
also appear to be intact (4). Chobanian et al. (7) found
no bed rest-induced changes in the pressor responses to
the infusions of norepinephrine and angiotensin. Plasma
catecholamines were reduced during bed rest, but the
response to tilt was unchanged. The apparent turnover

rate of norepinephrine was also normal. However, Schmid
et al. (22) demonstrated decreased vaso- and venocon-
strictor responses to intra-arterial tyramine after a 12-d
bed-rest period. There was no change in the responses to
norepinephrine. These findings are consistent with normal
receptor function, but impaired release of endogenous
norepinephrine, perhaps due to a decreased rate of syn-
thesis. Stone and co-workers (3,8) have recently docu-
mented reduced baroceptor sensitivity and altered re-
sponses to vasoactive drugs after long-term horizontal
immobilization in rhesus monkeys.

The combined data suggest that the orthostatic intol-
erance following bed rest and related conditions is a mul-
tifactorial disorder. The effects of moderate absolute hy-
povolemia appear to be amplified by changes in effective
venous compliance and perhaps also by subtle autonomic
dystunction. Relative physical inactivity may be a con-
tributory factor. However, the failure of even vigorous
inflight exercise to prevent postflight orthostatic intoler-
ance, and the ability to mimic important features of the
postflight cardiovascular state by a short (24-h) period of
head-down tilt (4), are all findings that support the crucial
role of the redistribution of body fluids during the initial
1 or 2 d of space flight.

METHODOLOGY FOR CARDIOVASCULAR
STUDIES AT ZERO GRAVITY

It is evident that a combination of approaches will be
necessary to provide a better understanding of cardio-
vascular adaptive changes. The Space Shuttle system, in-
cluding a dedicated laboratory module for life sciences
experiments in man and experimental animals, has greatly
expanded the capability to perform physiological studies
in space. Nevertheless, the range of techniques that can
be utilized and the number of human subjects that are
available for studies will remain limited for several years
to come. Studies of the same subjects at 0 and 1 g are,
therefore, crucial to define appropriate simulation meth-
ods.

Progress in the cardiovascular area requires safe, ac-
curate, and convenient methods for measurement of in-
tracardiac and intravascular pressures, cardiac output and
regional flow, cardiac dimensions and performance, and
a combination of appropriate interventions and measure-
ments for the evaluation of regulatory mechanisms. In
addition, data on the spacecraft environment, diet and
activity, body composition, fluid and electrolyte metab-
olism, blood volume, hormonal regulation, and skeletal
muscle function are essential to put the cardiovascular
findings into context. Such comprehensive data will be
obtained by a team of investigators during the Space Lab
4 (SL-4) flight, which is scheduled for November, 1985.

Intravascular and intracardiac pressures. Operational
considerations, and the need to obtain multiple observa-
tions over extended periods of time, make it necessary to
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rely as much as possible on noninvasive methods. How-
ever, there are still important problems that can be re-
solved only by invasive procedures.

Accurate estimates of filling pressures are essential to
an understanding of the cardiovascular adaptation. The
most significant pressure changes are likely to occur at an
early stage. It is possible that peripheral venous pressures
at zero gravity accurately reflect central venous pressure
(CVP) (15), but it is doubtful that peripheral measure-
ments will provide a sufficiently-high degree of accuracy
to evaluate longitudinally preflight and inflight changes.
Blood volume shifts as large as 500-1000 ml may cause
an increase in CVP of only 2-3 mmHg, which nevertheless
has highly-significant effects on right-ventricular dimen-
sions and performance. A central venous catheter with a
very well-defined tip location is a prerequisite for an ad-
equate evaluation. Clinical experience indicates that the
risks associated with placement of a central venous cath-
eter and right-heart catheterization is very low in healthy
subjects (6). Observations may be extended over a 24-h
period. Such measurements are included in the plans for
SL-4 flight. We are currently developing a self-contained
recording system to be worn by two payload specialists.

Simultaneous measurements of right- and left-ventric-
ular pressures, combined with dynamic volume measure-
ments, are desirable, but not justifiable or feasible at this
time.

Cardiac output and regional flow. The most common
current procedures for noninvasive measurement of car-
diac output are based on one of two basically different
rebreathing approaches: the CO, method (11) and the
foreign gas method (25). The CO,-rebreathing method
(11) has many attractive features. The use of a single gas
from an endogenous source represents a significant ad-
vantage in the closed environment of the Space Shuttle.
The CO, method (11) will be used during the SL-4 ex-
periment. Farhi and his associates (personal communi-
cation) are developing a computer-based system for mea-
surement of cardiac output under a variety of experimental
conditions, including maximal and submaximal exercise.
Invasive measurements, e.g., by the thermodilution tech-
nique, are impractical during studies that require serial
measurements performed over several days.

Doppler techniques may be applied to generate mea-
surements of regional flow, at least in superficial arteries
such as the carotid. More research is needed before quan-
titative results can be obtained. The standard plethys-
mographic technique for measurement of limb blood flow
is currently being updated (Bhagat and Johnson, personal
communication) using ultrasound to estimate changes in
segmental limb volume. This technique will be used for
measurement of leg volume changes during lower-body
negative pressure. A standard plethysmographic tech-
nique, based on an air-filled system, will be used for in-
flight measurements of limb flow.

Cardiac dimensions and performance. The introduc-
tion of quantitative noninvasive cardiac imaging tech-
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niques, i.e., echocardiography and scintigraphy, has had
a major impact on clinical cardiology. Both techniques
are likely to contribute significantly to space medicine and
physiology. Current echocardiographic technology is di-
rectly applicable to inflight studies. Present scintigraphic
equipment, e.g., gamma cameras, are too heavy and bulky
to be ready for immediate application in space. However,
recent progress in the development of lightweight im-
aging devices (based on multi-wire proportional counter
chambers, adapted from the technology of cosmic ray
physics [Lacy and Johnson, personal communication]) in-
dicate that suitable scintigraphic devices will become
available eventually.

M-mode echocardiography has been used for pre- and
postflight studies (13,20) and during simulation studies
(4,18). This method has serious limitations. Single-diam-
eter measurements provide accurate estimates of wall
thickness, but may generate misleading information on
overall chamber dimensions, particularly if there are sig-
nificant changes in chamber configuration. Cross-sectional
or two-dimensional echocardiography represents a signif-
icant advantage, and is included in the 1985 Space Lab
plans. Changes in chamber configuration may be recog-
nized and a wider range of geometric models can be ap-
plied to the analysis of ventricular volumes. However, the
accuracy of left-ventricular volume measurements is still
less than satisfactory (12,21), and there is no valid model
for quantitative right-ventricular volumes. Development
work is in progress and a promising approach to three-
dimensional reconstruction of left-ventricular volumes has
been identified (19).

A major problem in cross-sectional echocardiography
is poor definition of interfaces between blood and tissues.
Advanced-image processing techniques are likely to be-
come available. Use of an improved contrast agent, e.g.,
intravenous hydrogen peroxide (Gaffney, personal com-
munication), may also prove helpful.

Regulatory mechanisms. The study of regulatory
mechanisms is always difficult in the intact human subject.
This is a neglected area in space physiology. The effects
of weightlessness on local regulatory mechanisms are poorly
understood, particularly in the important area of venous
function. Current methods for measurement of venous
compliance in man are primitive (23) and new approaches
are needed.

Traditional techniques for evaluation of autonomic
function employing blocking agents are cumbersome and
also likely to interfere with inflight operational demands,
mainly because of a lack of short-acting blocking agents,
particularly vagolytic drugs. However, studies employing
a- and B-adrenergic agonists and other vasoactive sub-
stances are feasible and included in the SL-4 flight ex-
periment plans. Relatively simple noninvasive measure-
ments, e.g., the heart rate response to isoproterenol or the
changes in systemic and forearm conductance in response
to norepinephrine or phenylephrine, will be used to derive
quantitative stimulus-response relationships. As previously
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discussed, there is suggestive evidence from bed-rest stud-
ies in man and primates that adaptation to hypogravity
causes measurable changes in adrenergic-agonist re-
sponses. Studies of the response to a-adrenergic antago-
nists are also desirable, but management of a hypotensive
response may be difficult in space. Only pre- and postflight
studies are being planned.

A majority of previous cardiovascular studies of com-
plete afferent-efferent reflex arches have involved the ca-
rotid sinus mechanism. There is information from a sim-
ulation study in primates suggesting attenuated function
(6), but no data on the effect of actual zero gravity. Eck-
berg (10) has studied baroceptor function in health and
disease, and has devised a sophisticated method that in-
troduces brief changes in transmural carotid sinus pressure
by means of a neck collar and local suction. This technique
is well-suited to use in space and will be applied as an
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